The influence of pH, salt concentration and the effect of chaotropic salts have been studied. Additionally, with the aim of an eventual scale-up, a study of kinetic and thermodynamic factors, such as affinity constants and adsolption rate constants, of this adsorption was undertaken.
Materials and methods

Reagents
All cheinicals were of analytical-grade or better. Sodium chloride was purchased Tubes were placed on an end-to-end rotator and allowed to rotate for 24 h at 4 "C.
Kinetic binding experiment
Aliquots were taken at times equal to 0. 5, 1, 5, 10, 20, 30, 45, 60, 120, 240 inin and 24 h. hnmunoglobulin concentrations were measured by measuring the absorbance at 280 nm.
Determiriation of clissociation constant, K, and dyriarnic bead capacity
For this study, a solution of pure hIgG in LB was used. This prote~n solution was added to the column, wh~ch was equilibrated wit11 th loading buffer at 
Deternzination of adsorption mte constants
This experiment was done by using the split-peak approach as described elsewhere [15] . For this experiment a 0.83-m1 column equilibrated with LB. A 30-m1 volume of a 2.0 i n g /~n l solution of hIgG was prepared in LB. Aliquots of 1 nil were consecutively injected into the column. Unabsorbed protein was collected for each aliquot injected giving a total of ten fractions collected for a particular linear velocity. In each peak the total amount of protein was determined by measuring absorbance at OD 280 nm. After all ten 1-m1 aliquots were injected the retained protein was eluted and absorbance was measured at 280 nm.
Iderzt~fication of the binding site
It is important to determine whether hIgG was bound to r-PEZ at the F, or F,, or Antibody fragments [F, or F,, or were purchased corn~~iercially or prepared by enzymatic hydrolysis of hIgG using commercially available pepsin and papain kits from Pierce. Antibody fragments were chromatographed separately under identical conditions, as used for IgG retention and elution protocol as described earlier. The column-wash and elution fractions were assayed by specific ELISA assays [16] . The total recovery and yield of each fragment was assessed quantitatively.
In a separate experiment, 2.0-m1 protein A immobilized on a hyper D support was packed into a Pharmacia column and antibody fragments were chromatographed according to the manufacturer's instructions. In a typical application, l-m1 of antibody fragment solution was diluted with 1.0 m1 of 0.5 M sodium citrate buffer at pH 8.4 (LB,). Feed was filtered using a Millipore 0.45-km ~nembrane filter and loaded on to the column at a linear velocity of 1.0 cmlmin. Loosely bound proteins were washed with LB,. The elution of the bound no no clonal antibody (11iAb) was effected with 0.5% acetic acid. The pH of the elution fraction was immediately raised to 7.0 with 1 M Tris base. All chromatographic fractions were saved and analyzed for total protein content at an absorbance of 280 nm and specific antibody fragment content by specific ELISA assays.
Detection of IgG fragments by ELISA assays
Immulon I1 microtiter plates were incubated with 100 p,l/well of 5 kg/ml rabbit anti-human Fab specific antisera coating buffer (0.1 M NaHCO,, 0.1 M NaCI, pH 9.3) for 24 h at 4 "C. Wells were washed with washing buffer (50 mM NaC1, 20 mM Tris-HC1, 0.05% Tween, pH 7.2) and residual sites were blocked with blocking/dilution buffer (50 inA4 NaC1, 20 mM Tris-HC1, 0.5% casein, pH 7.2) for 30 min at room temperature. A 100-kl volume of diluted standard and samples in blocking/dilution buffer were added to the each well and incubated for 30 min at 37 "C. After incubation wells were washed three tiines with washing buffer and 100 p,l/well of 1:2500 diluted HRP conjugated rabbit anti-hulnan IgG was added to each well and incubated at 37 "C for 30 min. Wells were washed three times and 100 kl/well of OPD substrate was added. The colorimetric reaction was stopped after approximately 3 ~n i n by the addition of 100 kllwell of 1.5 M sulfuric acid. Bound chromophore was detected using a BioTek microplate ELISA reader at 490 nm.
A similar ELISA procedure was used for the determination of F,,,, and Fc and with the following changes. The plates were coated with 100 p,l/well of 5 pglml goat anti-human F(,,,, and F, specific antisera, for F(,,,,, and F, determination, respectively.
Results
Efect of tempevutuve on tlze binding of hIgG to I-PE2
Static binding experiments were conducted to determine the effect of temperature on the binding of hTgG to r-PEZ. The teniperature does not seem to have any significant effect on the binding capacities of hIgG to r-PEZ, as observed from the similar shapes of the isotherms [14] . The maximum static binding capacity (Q,,,,) was found to range from 47 to 5 1 mg hIgG bound per m1 of beads. The K, values were found to range from 4 . 1 3 . 1 0 -~ to 5.67.10-~ M [moles of hIgG bound per liter of (wet) r-PEZ beads].
In order to determine whether there were any cooperative effects due to protein-protein interaction during the adsorption process, the isothenn data (fsom static experiments) were analyzed by a Hill plot using the transfoniied Langmuir equation [l71 ( Fig. 1 . A cooperativity coefficient (n) of unity indicates no cooperativity. Analysis of the isothenlis at 4, 10, 22 and 35 "C indicated n values of 0.82, 1.10, 1.10 and 0.97, respectively, which suggests that there is no cooperativity due to protein-protein interactions. Fig. 2 shows the rate of disappearance of hIgG from solution. Analysis of hIgG concentrations, for all time points, was estimated by hIgG ELISA. Since the experiment was conducted as a closed system it is assullied that all hIgG measured not in solution is bound to the support. Maxili~uln hIgG retention was obseived at 24 h with 93% disappearance of protein from solution from an initial hIgG concentration of 1 mglml. The largest percent of hIgG disappearance, or greatest adsorption rate, occurs within the first 5 min of the batch experiment. Of the total equilibrium biiiding 50% has occurred by 5.7 min, when C, equals 1.0 111gl1111. At 12 inin approxiillately 80% of total binding has occurred according to our experimental data with 90% having occurred at 50 inin.
Kinetic expe~iment
The experimental data for the protein adsorption obtained under static conditioils was compared to the kinetic rate constant model discussed in detail elsewhere [ l 81 . The only unknown parameter was the forward rate constant ( k , ) , whereas the isotherm parameters K, and Q,,,,, determined froill static binding experiments were used and the reverse rate constant (lc,) was equated to K,. Ic,. The simulation was run with a variety of values of the unknown parameter k , and the value that gave the best fit to the experimental data was reported. The agreement between the experimental data and simulation is shown in Fig. 3 . A lc, value of 0.024 min-l and a Ic, value of 0.017 minC' was obtained, respectively. 
Determination of the dynamic capacity
Determination o f the adsor.ption rate constant
Eif'ects of' adsorption rate at varying lineilr velocities
The effect of hIgG feed concentration on the adsorption rate of hIgG on r-PEZ was evaluated as a Linear Velocity, cmlmin function of linear velocities. The adsorption rate increases with increasing hIgG feed concentration and linear velocity. Empirical equations that relate the adsorption rate changes with feed concentration at linear velocities of 1.1, 3.0, 5.6 and 9 .0 cmlmin are shown in Table 2 . The adsorption rate is the highest at the highest experimental feed concentration of 10 mg hIgGIml, inore than twenty tiines than that of the lowest concentration at 0.5 ing hIgGIm1.
Estimation AIf0 and AS, of adsor.ption and conlparison 14~itl1 literature
The thermodynamic parameters for the adsorption can be obtained by determining K, at different temperatures. The dependence of K, as a function of temperature was evaluated from the Langmuirian Percent total recovery and yield of antibody fragments on r_PEZ and protein-A column. r-PEZ were challenged with pure antibody fragments (F, or Fa, or F,",,,) Percent total recovery (TR) is defined as the ratio of the sum of the total protein in the elutate and column fall-through fractions to the total protein present in the feed. Percent yield (Y) 1s defined as the ratio of the IgG preseut in the eluate fraction to the total amount of IgG in the feed. Fragments were also chromatographed on Protein A-hyper D columii according to manufacturer's instmctions. The chromatographic fractioils were assayed as outlined in Methods.
analyses of the isotherm data [ l l ] . From [19] . A AH, (adsorption) value of -5.64 kJ/mol and a ASo (adsorption) value of 120 k J / K were obtained for the interaction of hIgG with r-PEZ. '7 9 . ' :~ i- Table 3 lists the total yield and recovery obtained with each IgG fragment, as separate chromatographic experiments. The F,, and the F(,,,, fragment were both retained on the r-PEZ column. It appears that the F,, and F(,,,, fragments were retained to a similar extent or in other words r-PEZ has similar affinity for the F,, and F(,,,, fragments. F, fragment was also retained but to a lesser extent. Sinlilar trends and percentages were obtained when the binding of the IgG fragment were tested under batch conditions (data not included).
IilentiJication of binding site
In contrast, the F, fragment was quantitatively rctained on the protein A column as expected (Table  3) . Both F,, and F(,,,, frag~ilents were not retained on the protein A column. Similar trends and percentages were obtained when the binding of the IgG fragment to protein A beads was tested under batch conditions (data not included).
Discussion
To gain a better understanding of the effect of support characteristics, support activation chemistry on the parameters impacting the binding of immunoglobulins from biological fluids, further studies aimed at understanding the adsorption iilechanism and the nature of interactive forces between iminunoglobulins and binding site on EDTPA-modified zirconia beads were undertaken. Moreover, with the aim of an eventual scale-up, a study of the kinetic and thermodynamic parameters, such as affinity constants and adsorption rate constants of this interaction was employed.
The success of a chrolnatographic separation depends upon the biospecific interaction between the protein of interest and the binding site on the stationary phase. All other coniponents in the feed mixture should have little or no affinity for the binding site. To gain a better understanding of the interaction between the protein and the binding site it is often necessary to quantify important factors such as capacity of the affinity matrix and the dissociation constant of the corresponding protein-ligand interaction. These parameters are useful in the scale-up separation of imm~moglobulins by process scale The ratio of unadsorbed protein to tlie injected protein was expressed as J'and 1 -f gave tlie adsorptiot~ yield. The rate constant l,-:% was determined frotii the linear region of the graph and plotted as a filnction of the linear velocity. Sinlilar experiments were perfomicd at other linear velocities studied (3.01, 6.02 and 12.04 cmlmin) .
chron~atography. It is therefore useful to study cquilibrium adsorption data with the intention of determining how the support reacts to protein binding with increasing concentrations. The shape of the equilibriu~n adsorption curve at temperatures studied indicates a Langmuir-type isotherm. We hypothesize that at these temperatures, hIgG binds uniformly with a high affinity for the binding sites until it reaches a maximum binding energy. The static capacity of r-PEZ as deternlined by the Langinuir adsorption data was calculated to be 64-87 mg IgG Table 2 Effect ot tlic flow-late on the late of adsorptlon Tlic data obtalned per m1 of beads, which is comparable to that reported for protein A-Sephal-ose and protein A-Ultragel'. The dissociation constant, K,, was determined to be in the range of 1 . 1 2 . 1 0 -~ to 2 . 4 . 1 0 -~ M, which indicates medium affinity and is typical for a pseudoaffinity ligand [20] . The high capacity and selectivity displayed by the matrix for ilninunoglobulins in equilibrium pro~npted us to study the kinetic aspects of this adsorption for an eventual scale-up of IgG separation from plasma or biological fluids. The values obtained for the dynaniic capacity at the experimental linear velocities tested ranged from 9.7 to 18.1 mg IgG per m1 of beads, which again is comparable to the values reported for protein A -Sepharose and protein AUltragel. The dynamic dissociation constants were in the range of 4 . 1 0 -~ to 1 . 6 . 1 0 -~ M for the linear velocities tested, indicating weak to medium affinity and consistent with the easy and nondenaturing desorption of bound IgG in column-mode. In the range of velocities tested the dynamic dissociation constant appears to be dependent of linear velocity, increasing with increasing flow-rate until a plateau value at a linear velocity of 5.6 cmtmin was reached. After which an increase in linear velocity gives no appreciable change in the dissociation constant value.
The adsorption rate constant, k,, as determined by the spl~t-peak method gave a range of values from l~eclinical Handbook, Pierce, Rockford, IL 46.1 to 404.2 1 mol-' S-'for linear velocities of 1.1 to 9.0 cinlmin, respectively. The linear increase in k, for the range of velocities tested indicates that the adsol-ption is velocity dependent and a change in linear velocity will influence IgG retention. This equation can be utilized in the scale-up separation of ~in~nunoglobulins by process scale chromatography with r-PEZ support.
An estimation of the rate of adsorption is also necessary for the design of an automated operation. In our work, the adsorption rate increases with increasing linear velocity. This is in good agreement with our adsorption rate constant results, which follow the same linear trend. Additionally, for the same linear velocity the adsorption rate increases with increasing hIgG feed concentration. This is due to the greater number of IgG molecules in solution and consequently more in the vicinity of the binding sites. Empirical relationships relating the adsorption rate with linear velocity, U , in the f o r n~ of A R = au + O were derived for column-mode hIgG retention and are presented in Table 2 . These equations can be used in the scale-up design of hIgG separations.
We postulate that the interactions are governed by a combination of ionic, electrostatic and Van der Waals interactions. We conclude that hydrophobic forces probably play a minor role. It is possible to fine tune the selectivity of r-PEZ for a special subset or subclass of IgG, by choosing the appropriate buffer. rPEZ was found to interact with all the IgG fragments and no preferential interaction with either domain was observcd. This finding supports our notion that the interaction between r-PEZ and IgG n~olecule is not based on any bioactive-recognition.
The weak affinity interactions are very advantageous for a high throughput and recovery of labile proteins, like IgG, coinpared with protein A iinmobilized gels. The high capacity and the reproducibility are attractive features in using such a system for scaling-up operations.
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